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An  inexpensive  7  wt.%  Ni-Al203  composite  is  synthesized  by  a  glycine-nitrate  process  and  systematically 
investigated  as  anode  catalyst  layer  of  solid-oxide  fuel  cells  operating  on  methane  fuel  by  examining 
its  catalytic  activity  towards  methane  partial  oxidation,  steam  and  C02  reforming  at  600-850  °C,  cell 
performance,  mechanical  performance,  and  carbon  deposition  properties.  Ni-Al203  shows  comparable 
catalytic  activities  to  Ru-Ce02  for  the  above  three  reactions.  The  cell  with  a  Ni-Al203  catalyst  layer 
delivers  maximum  peak  power  densities  of  494  and  532  mW  cm-2  at  850  °C,  operating  on  methane-H20 
and  methane-C02  mixture  gases,  respectively,  which  are  comparable  to  those  operating  on  hydrogen. 
Ni-Al203  is  found  to  have  better  mechanical  performance  than  Ru-Ce02.  02-TP0  demonstrates  that 
Ni-Al203  does  not  inhibit  the  carbon  formation  under  pure  methane  atmosphere,  while  the  introduction 
of  steam  or  C02  can  effectively  suppress  coke  formation.  However,  due  to  the  low  nickel  content  in  the 
catalyst  layer,  the  coke  formation  over  the  catalyst  layer  is  actually  not  serious  under  real  cell  operation 
conditions.  More  importantly,  Ni-Al203  effectively  protects  the  anode  layer  by  greatly  suppressing  car¬ 
bon  formation  over  the  anode  layer,  especially  near  the  anode-electrolyte  interface.  Ni-Al203  is  highly 
promising  as  an  anode  functional  layer  for  solid-oxide  fuel  cells. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  there  has  been  tremendous  interest  in  fuel  cells 
as  electrical  power  generators  because  of  their  high  energy- 
conversion  efficiency,  low  emissions,  and  size  flexibility,  with 
capacities  ranging  from  several  milliwatts  to  the  megawatts  level 
[1-3].  Among  the  many  types  of  fuel  cells,  solid-oxide  fuel  cells 
(SOFCs)  have  attracted  particular  attention  because  of  their  fuel 
flexibility  [4,5].  Besides  hydrogen,  hydrocarbons,  carbon  monox¬ 
ide,  ammonia,  alcohols,  and  solid  carbon  can  all  be  used  as  potential 
fuels  [6-12].  This  feature  is  very  attractive  for  near-future  appli¬ 
cations  since  the  public  infrastructure  for  hydrogen  production, 
storage  and  transportation  is  still  far  from  mature,  while  hydrocar¬ 
bons  are  currently  widely  available.  Actually,  hydrogen  is  presently 
produced  mainly  by  steam  reforming  of  hydrocarbons. 

When  hydrocarbons  are  adopted  as  the  fuels  for  SOFCs,  they  are 
typically  first  externally  reformed  to  CO  +  H2  before  being  intro¬ 
duced  into  the  fuel  cell  reactor  [13,14].  The  external  reforming 
process,  however,  not  only  reduces  the  overall  energy-conversion 
efficiency,  but  also  produces  additional  greenhouse  gases.  Because 
of  this,  direct  hydrocarbon-fueled  SOFCs  have  been  gaining  more 
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and  more  attention  recently  [15-18].  As  the  simplest  hydrocarbon, 
methane  is  the  main  component  in  the  huge  reserves  of  natural  gas 
and  coal-bed  gas,  and  also  the  renewable  resource  of  biogas.  In  prin¬ 
ciple,  the  simplest  way  to  operate  an  SOFC  on  methane  fuel  is  direct 
electro-catalytic  oxidation  of  methane  over  the  anode.  However, 
the  state-of-the-art  sintered  nickel-cermet  anode  catalyzes  the  CH4 
decomposition  reaction  that  easily  causes  coke  formation  over  the 
nickel  catalyst  surface  and  consequently,  fast  deterioration  of  the 
cell  performance  [19,20].  The  development  of  novel  anode  mate¬ 
rials  with  high  coking-resistant  capabilities  has  been  extensively 
explored.  Among  them,  Ce02-Cu  cermet  anodes  and  perovskite- 
type  Lai_xSrxCri_yMny03  oxide  anodes  have  shown  high  resistance 
towards  coke  formation  [21-24].  However,  such  anodes  always 
show  poor  electrochemical  activity  for  methane  oxidation  and 
consequently,  poor  cell  performance  was  obtained  [21-24].  Devel¬ 
opment  of  new  anode  materials  with  high  electro-catalytic  activity 
for  methane  oxidation  but  not  for  the  methane  cracking  reaction  is 
the  key  to  realizing  direct-methane  SOFCs. 

An  alternative  way  to  operate  on  methane  fuel  is  to  integrate 
the  catalytic  conversion  of  methane  to  syngas  reaction  (i.e.,  partial 
oxidation,  steam  reforming  or  C02  reforming)  with  SOFCs  inter¬ 
nally  [25-29].  Since  CO  and  H2  have  much  higher  electrochemical 
activity  than  methane,  such  an  operating  mode  can  effectively 
improve  the  cell  performance  when  using  methane  fuel.  Further¬ 
more,  it  can  also  effectively  suppress  carbon  deposition  over  the 
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Fig.  1.  Catalytic  activity  of  Ni-Al203,  Ru-Ce02  and  Ni-ScSZ  catalysts  for  (a  and  b)  partial  oxidation  (CH4:02  =  2: 1 ),  (c)  steam  reforming  (CH4:H20  =  1:1)  and  (d)  C02  reforming 
(CH4:C02  =  1:1). 


anode  surface.  However,  the  traditional  Ni-cermet  anodes  usually 
show  poor  catalytic  activity  towards  the  above  reactions,  espe¬ 
cially  at  reduced  temperatures.  Very  recently,  the  deposition  of 
a  highly  active  catalyst  layer  over  the  anode  surface  was  found 
to  be  an  effective  way  of  increasing  the  cell  performance  when 
operating  on  hydrocarbon  fuels  [30-33].  It  not  only  increases  the 
cell  power  output,  but  also  obviously  suppresses  the  coke  forma¬ 
tion  over  the  anode  surface.  In  particular,  Ru-Ce02  has  been  found 
to  be  an  efficient  catalyst  for  operating  on  methane,  propane  and 
butane  fuels,  in  both  single-chamber  and  dual-chamber  cell  con¬ 
figurations  [30,32-36].  However,  the  high  price  of  Ru-Ce02  is  the 
main  obstacle  towards  its  large-scale  application.  The  development 
of  cheap  and  highly  active  materials  for  the  functional  layer  is  then 
critical. 

In  our  previous  communication,  we  demonstrated  that  an  inex¬ 
pensive  Ni-Al203  catalyst  also  had  very  high  catalytic  activity 
towards  methane  partial  oxidation,  methane  steam  reforming 
and  methane  C02  reforming  reactions  at  750-850  °C  [31].  The 
cell  with  the  Ni-Al203  catalyst  layer  showed  significant  improve¬ 
ment  in  cell  performance,  operating  on  both  pure  methane  and 
methane-oxygen  mixtures  of  gases.  Furthermore,  the  cell  per¬ 
formance  deterioration  rate  was  also  greatly  reduced  even  when 
operating  on  pure  methane  fuel. 

In  this  paper,  we  present  a  comprehensive  investigation 
of  Ni-Al203  as  the  catalyst  layer  of  SOFC  anode  operat¬ 
ing  on  methane-oxygen,  methane-H20,  and  methane-C02  gas 
mixtures.  The  following  characterizations  were  investigated:  cat¬ 
alytic  activity  for  syngas  production  from  methane-oxygen, 
methane-C02  and  methane-H20  mixture  gases,  cell  perfor¬ 
mance,  mechanical  performance  of  the  catalyst  layer  under 
repeated  thermal  and  redox  cycling,  and  coke  deposition  prop¬ 
erties.  A  comparative  study  with  Ru-Ce02  catalyst  was  also 
conducted. 


2.  Experimental 

2.1.  Catalyst  powder  synthesis  and  cell  fabrication 

Both  7  wt.%  Ni-Al203  and  7  wt.%  Ru-Ce02  powders,  investigated 
as  the  materials  for  the  catalyst  layer,  were  synthesized  by  a  glycine 
nitrite  process  (GNP)  [37].  Taking  the  synthesis  of  Ni-Al203  as 
an  example,  stoichiometric  amounts  of  nickel  nitrate  and  alumina 
nitrate  were  first  dissolved  in  de-ionized  water,  glycine  was  then 
added  at  a  molar  ratio  of  2.0  between  the  glycine  and  total  metallic 
cations.  The  water  in  the  solution  was  then  evaporated  by  heating 
over  a  hot  plate  under  stirring  to  create  a  liquid  precursor,  which 
was  then  moved  to  an  electrical  oven  at  240  °C  to  induce  auto¬ 
combustion.  The  primary  powder  was  further  calcined  at  850  °C 
for  5  h  in  static  air. 

The  fuel  cell  materials,  including  the  cathode  Lao.8Sr0.2Mn03 
(LSM)  and  the  electrolyte  (Sc2O3)0.i(ZrO2)0.9  (ScSZ),  were  pre¬ 
pared  by  an  EDTA-citrate  complexing  process  [38,39].  The  fuel 
cell  adopted  in  this  study  was  a  60  wt.%  NiO  +  40  wt.%  ScSZ  anode- 
supported  thin-film  ScSZ  electrolyte  fuel  cell  (-20  fxm),  fabricated 
by  a  dual  dry-pressing/sintering  process  [39].  Ni-ScSZ  anode  pow¬ 
der  was  first  pressed  into  a  substrate  disk  using  a  stainless  steel 
die  under  a  pressure  of  1 20  MPa.  ScSZ  powder  was  distributed  over 
the  anode  surface  homogenously  and  followed  by  a  second  press 
under  a  pressure  of 240  MPa  to  form  the  green  dual  layer  cell,  which 
was  then  sintered  at  1 500  °C  for  5  h  to  density  the  electrolyte  layer. 
The  sintered  cells  had  a  diameter  of  ~13mm  and  a  thickness  of 
~0.3  mm. 

2.2.  Catalytic  evaluation 

The  catalytic  activity  of  the  catalysts  and  anode  material  was 
studied  in  a  flow-through  type  fixed-bed  quartz-tube  reactor  with 
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Fig.  2.  XRD  patterns  of  the  Ni-Al203  (a),  Ni-ScSZ  (b)  and  Ru-Ce02  (c)  catalysts  before  and  after  the  hydrogen  reduction. 


an  inner  diameter  of  ~8  mm.  About  0.2  g  of  catalyst  particles  in  the 
size  range  of  60-80  mesh  was  dropped  into  the  middle  of  the  reac¬ 
tor.  The  gas  flow  for  partial  oxidation,  steam  reforming  and  C02 
reforming  reactions  were  precisely  controlled  by  AFC  80MD  digital 
mass  flow  controllers  (Qualiflow).  The  gas  mixtures  were  intro¬ 
duced  from  the  top  of  the  reactor,  and  the  effluent  gases  from  the 
bottom  of  the  reactor  were  introduced  to  a  Varian  3800  gas  chro¬ 
matograph,  equipped  with  Hayesep  Q  Poraplot  Qand  5  A  molecular 
sieve  capillary  columns  for  the  separation  of  H2,  02,  CO,  C02  and 
CH4.  Helium  was  used  as  the  carrier  gas.  Typically,  the  methane 
flow  rate  was  kept  at  10  ml  min-1  [STP]  and  the  diluting  helium 
gas  at  80  ml  min-1  [STP]. 

2.3.  Characterization  techniques 

The  phase  structure  of  synthesized  powders  was  characterized 
by  an  X-ray  diffractometer  (XRD,  ARL  X’  TRA)  equipped  with  Cu  Ka 
radiation  (X  =  0.1541  nm).  The  cross-sectional  morphologies  of  the 
fuel  cells  were  examined  using  an  environmental  scanning  electron 
microscope  (ESEM,  QUANTA-2000)  equipped  with  an  EDX  detector 
(QUANTA-200, 132-10). 

Hydrogen  temperature-programmed  reduction  (H2-TPR)  was 
performed  to  identify  the  interaction  between  NiO  and  the  sup¬ 
port.  Approximately  0.03  g  of  oxide  powder  was  placed  in  a  U-type 
quartz  reactor  with  an  inner  diameter  of  ~3  mm.  The  sample  was 
pretreated  under  a  pure  argon  atmosphere  at  the  flow  rate  of 
30  ml  min-1  for  30  min.  After  cooling  down  to  room  temperature, 
the  atmosphere  was  switched  to  1 0  vol.%  H2/Ar,  and  the  reactor  was 
programmatically  heated  to  930  °C  at  10°Cmin-1.  The  consump¬ 
tion  of  hydrogen  was  monitored  by  an  in  situ  thermal  conductivity 
detector  (TCD)  detector  using  a  BELCAT-A  apparatus. 


For  the  carbon  deposition  tests,  about  0.2  g  samples  were  first 
placed  in  a  flow-through  type  quartz-tube  reactor  and  treated  at 
high  temperature  (typically  850  °C)  under  a  methane-containing 
atmosphere  at  the  flow  rate  of  40  ml  min-1  for  5  min.  The  catalysts 
were  then  cooled  to  room  temperature  under  an  inert  atmosphere 
(nitrogen  or  argon).  After  the  treatment,  approximately  0.05  g  of 
powder  was  placed  into  a  U-type  quartz  reactor  with  an  inner  diam¬ 
eter  of  ~3  mm.  Pure  oxygen  (for  oxygen  temperature-programmed 
oxidization,  02-TPO)  at  the  flow  rate  of  20  ml  min-1  [STP]  was  then 
introduced  from  the  top  of  the  reactor.  After  flowing  with  the  gas  at 
room  temperature  for  ~30  min,  the  reactor  was  programmatically 
heated  to  800  °C  at  10°Cmin-1.  The  deposited  solid  carbon  over 
the  catalyst  surface  was  progressively  oxidized  into  gaseous  C02. 
The  effluent  gas  from  the  reactor  was  connected  with  a  Hiden  QIC- 
20  Mass  spectroscope  (MS)  for  in  situ  monitoring  of  concentration 
variation  of  the  C02. 

The  l-V  polarization  of  the  cells  was  measured  at  750-850  °C 
using  a  Keithley  2420  source  meter  in  4-probe  mode.  During  the 
measurement,  methane  fuel  or  a  mixture  of  CH4-02,  CH4-C02 
or  CH4-H20  was  fed  into  the  anode  chamber  at  a  flow  rate  of 
40  ml  min-1  [STP]  while  ambient  air  was  provided  as  the  oxidant 
gas  at  in  the  cathode  chamber. 

3.  Results  and  discussion 

3. 1 .  Catalytic  activity 

Presently,  there  is  considerable  interest  in  reducing  the 
traditional  1000°C  operating  temperature  of  SOFCs  to  the 
intermediate-temperature  range  of  600-850  °C  because  of  the 
many  benefits  associated  with  such  a  reduction  [40].  When  the  fuel 
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cell  is  integrated  with  the  methane  internal  reforming  or  partial 
oxidation  reactions,  it  places  much  stricter  requirement  on  the  cat¬ 
alyst  layer.  Our  primary  investigations  demonstrated  that  Ni-Al203 
catalyst  possessed  very  high  activity  for  methane  partial  oxida¬ 
tion  (Eq.  (1 )),  methane  steam  reforming  (Eq.  (2)),  and  methane  C02 
reforming  (Eq.  (3))  between  750  and  850  °C  [31  ]. 

CH4  + 1  /202  =  CO  +  2H2  (1) 

CH4  +  H20  =  CO  +  3H2  (2) 

CH4  +  C02=  2  CO  +  2H2  (3) 

The  catalytic  activity  of  the  combustion-synthesized  Ni-Al203 
for  the  above  three  reactions  was  further  comparatively  studied 
with  combustion-synthesized  7  wt.%  Ru-Ce02  and  Ni-ScSZ  anode 
material  over  the  intermediate-temperature  range  600-850  °C. 
During  the  fuel  cell  fabrication,  the  catalyst  layer  was  fired  onto 
the  anode  surface  at  850  °C  while  the  Ni-ScSZ  anode  was  sin¬ 
tered  at  1500  °C,  together  with  the  electrolyte  layer.  The  Ni-Al203, 
Ru-Ce02  and  Ni-ScSZ  catalysts  were  calcined  at  850,  850  and 
1500°C  for  5h,  respectively.  Fig.  1  shows  the  oxygen  conversion, 
methane  conversion  and  CO  selectivity  over  Ni-Al203,  Ru-Ce02 
and  Ni-ScSZ  catalysts  for  the  above  three  reactions  at  the  methane 
to  oxygen/H20/C02  ratios  of  2:1,  1:1  and  1:1,  respectively.  Over 
the  whole  investigated  temperature  range  from  600  to  850  °C, 
Ni-Al203  showed  similar  catalytic  activity  to  Ru-Ce02  catalyst,  but 
was  considerably  higher  than  that  of  Ni-ScSZ,  for  all  three  above 
reactions.  When  operating  on  methane-oxygen  gas  mixtures,  1 00% 
oxygen  conversion  was  achieved  for  both  Ni-Al203  and  Ru-Ce02 
catalysts  over  the  entire  temperature  range  under  investigation, 
while  oxygen  conversion  was  only  48.6%  for  the  Ni-ScSZ  catalyst 
(Fig.  1  a),  even  at  700  °C.  At  600  °C,  the  CH4  conversion  reached  73.1 , 
80.0,  and  71.3%  for  reactions  (l)-(3),  respectively,  when  using  the 
Ni-Al203  catalyst.  They  were  0.0, 3.9,  and  5.4%  for  the  Ni-ScSZ  cat¬ 
alyst.  The  above  results  further  suggest  Ni-Al203  as  the  catalyst 
layer  of  choice  for  IT-SOFCs  from  the  aspect  of  catalytic  activity  for 
methane  conversion  to  syngas. 

It  is  well  known  that  the  activity  of  nickel-based  catalysts  for 
methane  partial  oxidation  is  closely  related  with  the  interaction 
of  the  nickel  with  the  support  [41  ].  Fig.  2  shows  the  XRD  patterns 
of  the  Ni-Al203,  Ni-ScSZ  and  Ru-Ce02  catalysts  before  and  after 
the  hydrogen  reduction.  Before  the  reduction,  both  Ni-ScSZ  and 
Ru-Ce02  catalysts  displayed  a  physical  mixture  of  their  respec¬ 
tive  components  (NiO  and  ScSZ  for  NiO-ScSZ,  and  Ru02  and  Ce02 
for  Ru02-Ce02),  while  the  Ni-Al203  catalyst  was  composed  of  a 
spinel-type  phase  and  7-Al203  with  no  NiO  detected.  This  sug¬ 
gests  NiO  and  7-Al203  reacted  to  form  a  new  NiAl204  spinel  in 
the  Ni-Al203  catalyst.  Fig.  3  shows  the  H2-TPR  of  the  Ni-Al203  and 
Ni-ScSZ  catalysts.  It  has  been  reported  that  the  reduction  temper¬ 
ature  of  NiO  in  H2  was  about  330  °C  for  free  NiO  or  NiO  species 
with  very  weak  interactions  with  the  support  phase  [42].  Only  one 
reduction  peak  at  around  830  °C  was  observed  for  the  Ni-Al203 
catalyst,  which  was  attributed  to  the  reduction  of  NiAl204  spinel 
to  metallic  nickel  and  A1203.  It  is  interesting  that  strong  and  com¬ 
plicated  interactions  also  existed  between  NiO  and  ScSZ  based  on 
the  H2-TPR  results.  The  H2-TPR  profile  of  NiO-ScSZ  can  be  divided 
into  six  overlapped  reduction  peaks  with  peak  temperatures  of  51 0, 
563, 663, 710, 770  and  841  °C.  Therefore,  at  least  six  different  types 
of  interactions,  with  different  strengths,  existed  between  the  NiO 
and  ScSZ  phases.  Such  interactions  are  unlikely  from  the  formation 
of  new  solid  solutions,  since  the  XRD  patterns  of  the  composite 
just  displayed  a  physical  mixture  of  NiO  and  ScSZ  phases.  Another 
important  factor  in  determining  the  catalytic  activity  of  nickel  is 
its  crystalline  size.  The  crystalline  size  of  the  metallic  nickel  in 
Ni-Al203  and  Ni-ScSZ  was  6.7  and  25.7  nm,  respectively,  calculated 
from  the  XRD  diffraction  peak  at  20  =  51 .8°  using  the  Scherrer  equa¬ 
tion.  The  strong  interaction  of  NiO  species  with  the  support  phase, 
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Fig.  3.  Profiles  of  H2  temperature-programmed  reduction  of  (a)  Ni-Al203  and  (b) 
Ni-ScSZ. 


as  evidenced  by  the  H2-TPR  and  powder  XRD,  and  relatively  low 
calcination  temperature  contributed  much  to  the  fine  crystalline 
size  of  the  nickel  in  Ni-Al203  catalyst,  while  the  large  grain  size  of 
the  nickel  in  Ni-ScSZ  was  due  to  the  ultra-high  sintering  tempera¬ 
ture  (1500°C).  The  relatively  poor  activity  of  Ni-ScSZ  for  methane 
conversion  was  likely  associated  with  the  large  crystalline  size  from 
the  ultra-high  temperature  sintering. 

It  has  been  reported  that  metallic  nickel  also  has  a  certain  type 
of  interaction  with  A1203  support,  which  can  suppress  the  crys¬ 
talline  growth  and  ensure  long-term  operational  stability  [43].  The 
operational  stability  of  Ni-Al203  catalyst  was  selectively  investi¬ 
gated  for  methane  partial  oxidation  at  a  methane  to  oxygen  ratio 
of  4:1,  which  has  turned  out  to  be  the  optimal  ratio  to  achieve 
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Fig.  4.  The  time  dependence  of  methane  conversion  and  selectivity  to  CO  under  the 
reaction  conditions  (CH4:02  =  4:1,  Ni-Al203  catalyst). 
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Fig.  5.  The  I-V  and  l-P  curves  of  the  fuel  cells  without  and  with  the  Ni-Al203  catalyst  layer  operating  on  a  mixed  gas  composed  of  66.7%  CH4  mixed  with  33.3%  H20  (a  and 
b)  and  66.7%  CH4  mixed  with  33.3%  C02  (c  and  d)  at  different  temperatures. 


the  maximum  power  output  for  the  SOFC  when  operating  on 
methane-oxygen  mixture  gases  [31].  As  shown  in  Fig.  4,  during 
the  90  h  of  operation,  the  methane  conversion  and  CO  selectivity 
was  fairly  stable,  suggesting  the  catalyst  indeed  has  good  resistance 
to  sintering. 

3.2.  Cell  performance 

Previously,  we  reported  that  the  cell  performance  was  obviously 
improved  by  adopting  Ni-Al203  as  an  anode  functional  layer  when 
operating  both  on  pure  methane  and  methane-oxygen  gas  mix¬ 
tures  [31].  The  improved  cell  performance  is  due  to  the  increased 
catalytic  activity  of  the  anode  towards  methane  partial  oxidation, 
which  results  in  an  increased  hydrogen  concentration  in  the  anode 
atmosphere.  The  much  higher  catalytic  activity  of  Ni-Al203  for 
methane  steam  reforming  and  C02  reforming  than  the  Ni-ScSZ 
anode  suggests  the  cell  performance  should  also  be  improved 
when  operating  on  methane-FI20  or  methane-C02  gas  mixtures  by 
adopting  a  Ni-Al203  anode  catalyst  layer.  In  other  words,  Ni-Al203 
should  also  be  an  ideal  catalyst  for  internal  reforming  of  methane 
fuel  too.  The  cell  performance  while  operating  on  methane-steam 
gas  mixtures  and  methane-C02  gas  mixtures  gases  with  CH4  to 
IT20  and  CFI4  to  C02  ratios  of  2:1  were  then  tested.  Shown  in  Fig.  5 
are  the  I-V  and  I-P  curves  of  the  fuel  cells  without  and  with  the 
Ni-Al203  catalyst  layer  at  different  temperatures.  When  no  cata¬ 
lyst  layer  was  deposited  over  the  anode,  the  cell  delivered  peak 
power  densities  of  324,  254,  207,  116  and  103mWcm-2  at  850, 
825,  800,  775  and  750  °C,  operating  on  methane-steam  gas  mix¬ 
tures  respectively,  while  they  increased  to  494, 427,  365,  320,  and 
282mWcnrr2  when  a  Ni-Al203  catalyst  layer  was  applied.  Sim¬ 
ilarly,  they  were  175mWcnrr2  (850  °C),  139mWcm-2  (825  °C), 
1 1 5  mW cm  2  (800  °C),  82mWcm  2  (775  °C)  and  60mWcm2 
(750  °C)  when  operating  on  methane-C02  mixture,  and  they 


increased  to  532, 406,  370,  318  and  259mWcm-2  for  the  cell  with 
the  catalyst  layer. 

Table  1  lists  the  peak  power  densities  (PPDs)  at  850  °C  of  the 
fuel  cells  with  and  without  the  Ni-Al203  anode  catalyst  layer 
operating  on  methane-H20  or  methane-C02  gas  mixtures  at  var¬ 
ious  methane  to  steam/C02  ratios.  For  completeness,  the  cell 
performance  operating  on  methane-oxygen  gas  mixtures  is  also 
presented  [31].  It  was  found  that  the  PPDs  of  the  cells  operat¬ 
ing  on  all  three  gas  mixtures  first  increased  with  the  increase  of 
methane  to  oxygen/steam/C02  ratios,  and  then  decreased.  At  all 
ratios,  the  cell  with  the  catalyst  layer  had  higher  PPDs  than  those 
of  the  cells  with  a  bare  Ni-ScSZ  anode.  The  maximum  PPDs  for  the 
cell  with  the  catalyst  layer  were  456, 494  and  532  mW  cm-2,  when 
operating  on  methane-oxygen,  methane-H20  and  methane-C02 
gas  mixtures,  respectively,  which  were  reached  at  methane  to 
oxygen/FI20/C02  ratios  of  4:1,  2:1  and  2:1,  respectively.  For  the 
cell  without  the  anode  catalyst  layer,  the  maximum  PPDs  were 


Table  1 

Peak  power  density  (PPD)  of  the  fuel  cells  with  and  without  Ni-Al203  catalyst  layer 
at  850  °C  operating  on  methane  fuel  with  various  methane  to  02/H20/C02  ratios. 


CH4%  (balanced  by  02) 

100 

88.9 

80 

66.7 

0  (pure  H2) 

PPD  (mWcirr2) 

Without  catalyst  layer 

152 

242 

231.5 

199 

545 

With  catalyst  layer 

382 

408 

456 

386 

660 

CH4%  (balanced  by  H20) 

100 

80 

66.7 

50 

0  (pure  H2) 

PPD  (mWcirr2) 

Without  catalyst  layer 

152 

234 

324 

234 

545 

With  catalyst  layer 

382 

404 

493 

429 

660 

CH4%  (balanced  by  C02) 

100 

80 

66.7 

50 

0  (pure  H2) 

PPD  (mWcirr2) 

Without  catalyst  layer 

152 

261 

175 

193 

545 

With  catalyst  layer 

382 

460 

532 

431 

660 
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242,  324  and  262mWcm-2  for  methane-oxygen,  methane-H20 
and  methane-C02,  respectively,  which  were  reached  at  methane 
to  oxygen/H20/C02  ratios  of  8:1,  2:1  and  4:1,  respectively. 

In  a  previous  study,  Jiang  and  Virkar  demonstrated  that  the 
performance  of  SOFC  operating  on  H2  and  CO  gas  mixtures  was 
very  high  [44].  For  a  fuel  gas  containing  greater  than  50%  FI2  (and 
balanced  by  CO),  it  was  argued  that  H20  produced  by  the  elec¬ 
trochemical  oxidation  of  FI2  was  more  than  sufficient  to  react 
with  CO  present  to  form  FI2  and  C02.  In  such  a  case,  there  should 
be  little  difference  in  performance  when  compared  to  pure  FI2 
as  fuel.  The  above  observations  can  well  explain  the  small  dif¬ 
ferences  in  maximum  PPD  obtained  for  the  fuel  cell  with  the 
catalyst  layer  when  operating  on  methane-oxygen,  methane-H20 
and  methane-C02  gas  mixtures  in  this  study,  as  demonstrated  in 
Table  1. 

Since  methane  has  a  much  slower  electrochemical  oxidation 
rate  than  FI2  over  nickel  anodes,  the  maximum  PPDs  should  be 
reached  at  the  condition  where  methane  was  totally  converted 
by  the  catalytic  reaction  to  form  H2  and  CO.  Assuming  free  gas 
diffusion  inside  the  anode  layer,  the  maximum  PPDs  should  be 
reached  at  the  condition  of  1 00%  methane  conversion,  i.e.,  it  should 
be  reached  at  methane  to  oxygen,  methane  to  H20  and  methane 
to  C02  ratios  of  2:1,  1:1  and  1:1,  respectively,  when  operating  on 
methane  and  oxygen/steam/C02  gas  mixtures.  The  higher-than- 
expected  experimental  ratios  needed  to  obtain  the  maximum  PPDs 
could  be  explained  by  the  diffusion  blocking  effect  of  the  cata¬ 
lyst  layer  [31  ],  which  resulted  in  the  actual  methane  concentration 
within  the  anode  layer  being  lower  than  that  in  the  feed  gas  and 


made  the  gas  ratio  needed  to  shift  to  the  higher  ratio  to  obtain  the 
maximum  PPDs. 

For  a  cell  without  the  catalyst  layer,  a  too-low  methane  to 
02/H20/C02  ratio  would  result  in  high  concentrations  of  uncon¬ 
verted  02,  FI20,  C02  and  methane  due  to  the  poor  catalytic  activity 
of  the  anode,  which  then  diluted  the  H2/CO  fuels  and  resulted  in  a 
lowered  H2/CO  concentration.  A  too-high  methane  to  02/H20/C02 
ratio  would  also  result  in  lowered  H2  and  CO  concentrations  due  to 
insufficient  H2/CO  production.  The  maximum  PPD  was  reached  at 
the  highest  H2  and  CO  concentration  in  the  reforming  gas,  which 
was  achieved  at  methane  to  02/FI20/C02  ratios  of  8:1,  2:1  and  4:1 
when  operating  on  methane-02,  methane-H20  and  methane-C02 
gas  mixtures,  respectively,  for  the  cell  with  a  bare  Ni-ScSZ  anode, 
in  this  study. 

3.3.  Mechanical  properties 

In  practical  applications,  fuel  cells  may  experience  repeated 
thermal  and  redox  cycling,  especially  in  portable  application.  The 
firm  adhesion  of  the  catalyst  layer  to  the  anode  surface  is  crit¬ 
ical  for  stable  cell  performance.  The  mechanical  performance  of 
the  catalyst  layer  over  the  anode  surface  during  the  repeated 
redox  cycling  was  investigated  by  H2  reduction  and  02  oxidation 
at  850  °C  for  20  cycles,  while  the  thermal  cycling  stability  of  the 
catalyst  layer  was  examined  by  repeated  fast  heating  to  850  °C 
and  then  quenching  to  room  temperature  in  air  for  20  cycles. 
For  comparison,  the  typical  Ru-Ce02  catalyst  was  also  investi¬ 
gated  in  a  similar  way.  Shown  in  Fig.  6  are  the  SEM  images  of 


Fig.  6.  The  cross-sectional  SEM  pictures  of  the  cells  with  the  two  different  catalyst  layers  after  the  thermal  cycling  with  Ni-Al203  catalyst  layer  (a)  and  with  Ru-Ce02  layer 
(b),  and  redox  cycling  with  Ni-Al203  catalyst  layer  (c)  and  with  Ru-Ce02  layer  (d). 


408 


W.  Wang  et  al.  /  Journal  of  Power  Sources  195  (2010)  402-41 1 


the  cells  after  the  thermal  cycling  and  redox  cycling  in  cross- 
sectional  view.  When  the  Ni-Al203  was  adopted  as  the  catalyst 
layer,  it  still  adhered  to  the  anode  surface  very  well  after  both  the 
fast  thermal  cycling  test  and  the  redox  cycling  test.  No  delamina¬ 
tion  of  the  Ni-Al203  catalyst  layer  from  the  anode  surface  was 
observed  by  SEM  over  the  entire  cell.  However,  when  Ru-Ce02 
catalyst  was  adopted  as  the  catalyst  layer,  as  shown  in  Fig.  6b 
and  d,  some  cracks  were  formed  between  the  catalyst  and  anode 
interface  after  both  the  thermal  and  redox  cycling.  The  separa¬ 
tion  of  the  catalyst  layer  from  the  anode  surface  would  eventually 
make  the  catalyst  layer  lose  its  functionality.  This  result  sug¬ 
gests  that  Ni-Al203  is  superior  to  Ru-Ce02  in  applications  where 
repeated  thermal  cycling  and  redox  cycling  could  be  occurring, 
such  as  portable  applications  and  single-chamber  fuel  cells  appli¬ 
cation. 

3.4.  Carbon  deposition 

Rapid  deterioration  of  the  fuel  cell  performance  was  frequently 
observed  with  the  nickel  anode  when  operating  on  methane  fuel, 
due  to  the  coke  formation  over  the  anode  surface  that  limits  free 
gas  adsorption  and  electrochemical  oxidation  of  the  fuel.  Previ¬ 
ously,  we  demonstrated  that  the  cell  stability  was  greatly  improved 
by  adopting  a  Ni-Al203  catalyst  layer  over  the  anode  surface.  It 
is  well  known  that  nickel-based  catalysts  catalyze  carbon  deposi¬ 
tion.  Acidic  support  also  promotes  such  carbon  formation  [45].  The 
carbon  deposition  behavior  of  the  Ni-Al203  catalyst  was  investi¬ 
gated  by  first  treating  it  in  pure  methane  at  various  temperatures 
at  the  flow  rate  of  40  ml  min-1  for  5  min,  then  protecting  it  with  an 
inert  gas  at  the  flow  rate  of  40  ml  min-1  to  room  temperature,  and 
finally  conducting  the  temperature-programmed  oxidation  reac¬ 


tion.  For  comparison,  the  carbon  deposition  behavior  of  Ru-Ce02 
and  Ni-ScSZ  anode  were  also  investigated. 

Shown  in  Fig.  7  are  the  corresponding  02-TP0  profiles  of  the  cat¬ 
alysts  during  the  02-TP0  process  after  treatment  in  pure  methane 
for  5  min  between  750  and  850  °C.  The  amount  of  active  metal  was 
~3.5  mg  for  all  three  catalysts.  It  clearly  shows  that  the  Ru-Ce02 
had  much  superior  coke  resistance  than  the  other  two  catalysts  at 
all  investigated  temperatures.  This  is  in  good  agreement  with  the 
literature  results  showing  that  Ru  does  not  catalyze  the  methane 
cracking  reaction.  After  treatment  at  850  °C  for  5  min,  the  absolute 
amount  of  coke  formed  over  the  Ru-Ce02  catalyst  was  only  about 
6.34%  of  that  over  the  Ni-Al203  catalyst,  or  4.17%  of  that  over  the 
Ni-ScSZ  catalyst.  These  results  suggest  that  Ni-Al203  did  not  show 
an  improvement  in  resistance  towards  coke  formation  as  compared 
to  Ni-ScSZ. 

Shown  in  Fig.  8  are  the  02-TPO  profiles  of  the  Ni-Al203  catalyst 
after  treatment  in  methane-C02  and  methane-H20  gas  mixtures 
at  various  ratios  at  850  °C  for  a  fixed  time  of  5  min.  Methane  was 
kept  at  40  ml  min-1.  It  clearly  demonstrates  that  the  coke  forma¬ 
tion  was  greatly  suppressed  by  introducing  C02  or  H20  into  the 
methane  fuel.  The  higher  the  C02/H20  to  methane  ratio,  the  less 
coke  was  formed.  At  a  CH4  to  H20/C02  ratio  of  2:1,  negligible 
amounts  of  coke  were  formed  over  the  Ni-Al203  catalyst,  as  evi¬ 
denced  by  C02-TPD.  It  is  interesting  that  the  methane  to  C02/H20 
ratio  of  2:1  also  resulted  in  the  maximum  cell  performance  when 
operating  on  methane-C02  and  methane-H20  gas  mixtures.  The 
suppression  of  coke  formation  by  introducing  C02  and  H20  can  be 
explained  by  the  following  carbon  elimination  reactions: 


C  +  C02  =  2CO 
C  +  H20  =  CO  +  H2, 


(4) 

(5) 


Fig.  7.  O2-TPO  profiles  of  the  three  catalysts  after  treatment  in  pure  methane  for  5  min  at  850  °C  (a),  800  °C  (b)  and  750  °C  (c). 
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Fig.  8.  02-TP0  profiles  of  the  Ni-Al203  catalyst  after  treatment  in  methane-H20  (a) 
and  methane-C02  (b)  gas  mixtures  with  various  ratios  at  850  °C  for  a  fixed  time  of 
5  min. 


The  above  results  suggest  that  Ni-Al203  is  more  promising  as 
an  internal  reforming  catalyst  for  operating  on  methane-H20  or 
methane-C02  gas  mixtures  than  on  pure  methane  fuel. 

In  our  previous  study  we  demonstrated  that  the  cell  operational 
stability  was  obviously  improved  by  adopting  the  Ni-Al203  cata¬ 
lyst  layer,  even  with  pure  methane  as  the  fuel  [31  ].  For  example,  the 
performance  deterioration  was  about  43%  after  90  min  of  operation 
with  pure  methane  fuel  at  850  °C  for  the  cell  with  a  bare  Ni-ScSZ 
anode,  while  it  was  only  4%  after  1 50  min  of  operation  for  a  similar 
cell  with  a  Ni-Al203  catalyst  layer.  To  interpret  such  an  improve¬ 
ment,  a  cell  with  the  Ni-Al203  catalyst  layer  and  a  cell  with  a  bare 
Ni-ScSZ  anode  were  exposed  to  pure  methane  under  open  circuit 
voltage  (OCV)  condition  at  850  °C  for  1 0  min  and  then  protected  by 
an  inert  gas  while  cooling  to  room  temperature  in  order  to  detect 
any  morphological  changes.  It  was  observed  by  the  unaided  eye 
that  the  cell  with  the  Ni-Al203  catalyst  layer  still  retained  perfect 
cell  integrity.  As  for  the  cell  with  the  bare  nickel-ScSZ  anode,  it  was 
distorted  in  some  local  regions  and  serious  cracks  had  formed  over 
the  electrolyte  surface,  as  shown  in  Fig.  9. 

Carbon  deposition  over  the  anode  was  investigated  by  EDX  at 
selected  regions  as  shown  in  Fig.  10,  i.e.,  within  the  ScSZ  electrolyte 
(region  1 ),  within  the  anode  layer  near  the  anode-electrolyte  inter¬ 
face  (region  2,  about  20  p,m  from  the  anode-electrolyte  interface), 
within  the  anode  layer  near  the  catalyst  layer  (region  3,  about 
20  |jim  from  the  catalyst-anode  interface),  and  within  the  catalyst 
layer  (region  4).  For  comparison,  similar  regions  for  a  cell  without 
the  catalyst  layer  were  also  observed,  named  V,  2',  and  3',  respec¬ 
tively.  As  shown  in  Fig.  lOe,  f  and  g,  a  carbon  peak  of  high  intensity 
was  detected  at  anode  region  3'  for  the  cell  without  the  catalyst 
layer.  Even  for  region  2'  near  the  electrolyte-anode  interface,  a 


Fig.  9.  Images  of  the  fuel  cell  without  (a  and  b)  and  with  (c  and  d)  the  catalyst  layer 
after  treatment  of  pure  methane  for  5  min. 


high  carbon  peak  height  was  detected.  For  the  cell  with  the  catalyst 
layer,  shown  in  Fig.  1  Oa-d,  the  intensity  of  the  carbon  peak  near  the 
anode-electrolyte  interface  (region  2)  was  much  smaller  as  com¬ 
pared  to  the  similar  region  (2')  for  the  cell  without  the  catalyst 
layer. 

The  samples  for  EDX  examination  were  typically  easily  con¬ 
taminated  with  carbon.  In  order  to  quantitatively  analyze  the 
carbon  deposition  from  methane  decomposition,  carbon  informa¬ 
tion  over  the  freshly  crashed  ScSZ  electrolyte  was  also  obtained 
by  EDX.  Because  of  the  dense  electrolyte  layer,  there  should  be 
no  carbon  deposited  over  the  cross-sectional  region  of  the  elec¬ 
trolyte  from  the  methane  decomposition.  All  the  carbon  detected 
by  EDX  over  the  electrolyte  layer  would  then  be  contributed  by  con¬ 
tamination  during  the  sample  preparation  for  EDX  measurement. 
Assuming  the  homogeneous  distribution  of  the  contaminated  car¬ 
bon  over  the  whole  sample  prepared  for  EDX  measurement,  the 
amount  of  carbon  deposited  over  the  anode  that  was  contributed 
by  the  methane  thermal  decomposition  can  be  obtained  by  sub¬ 
tracting  the  contaminated  carbon.  At  regions  2  and  3  for  the 
cell  with  the  catalyst  layer,  the  actual  carbon  deposited  was 
found  to  be  13.1  ±0.2  and  22.4  ±  0.2  wt.%,  respectively.  Corre¬ 
spondingly,  it  was  24.9  ±  0.1  and  30.2  ±  0.1  wt.%,  for  the  regions  2' 
and  3'  for  the  cell  without  the  catalyst  layer.  This  clearly  suggests 
that  the  catalyst  layer  protected  the  anode  from  carbon  deposi¬ 
tion,  especially  for  the  anode  region  near  the  anode-electrolyte 
interface. 

It  is  well  known  that  the  electro-active  zone  of  the  anode  is  less 
than  20  p,m  nearest  to  the  electrolyte  layer  at  the  anode-electrolyte 
interface  [46].  Carbon  deposition  over  this  layer  would  result 
in  reduced  active  sites  for  electrochemical  oxidation  of  the  fuel, 
and  then  serious  deterioration  of  the  cell  performance,  which 
may  explain  the  quick  deterioration  of  cell  performance  for  the 
cell  without  the  catalyst  layer  when  operating  on  pure  methane 
fuel,  as  observed  in  our  previous  study  [31].  The  carbon  deposi¬ 
tion  over  the  anode  region  near  the  anode-electrolyte  interface 
would  also  introduce  large  internal  stress,  which  may  explain 
the  crack  formation  over  the  thin-film  electrolyte.  It  is  interest¬ 
ing  that  only  a  small  amount  of  carbon  was  deposited  inside 
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Fig.  10.  EDX  spectra  taken  from  different  regions  of  the  cell  with  (a-d)  and  without  (e-g)  the  catalyst  layer  after  treatment  of  pure  methane  for  5  min. 


the  Ni-Al203  catalyst  layer,  which  can  be  explained  by  the  fact 
that  the  absolute  amount  of  nickel  catalyst  in  the  catalyst  layer 
was  very  small;  the  nickel  weight  percentage  in  the  catalyst 
layer  was  only  7wt.%,  while  it  was  about  54wt.%  nickel  in  the 
anode. 


4.  Conclusions 

The  7wt.%  Ni-Al203  catalyst  had  excellent  catalytic  activity, 
comparable  to  that  of  Ru-Ce02  for  methane  partial  oxidation, 
methane  steam  reforming  and  methane  C02  reforming  reactions 
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between  600  and  850  °C.  The  strong  interaction  between  nickel 
oxide  and  the  AI2O3  support  and  the  small  crystalline  size  of 
the  nickel  accounted  for  the  high  activity  of  Ni-Al203  catalyst 
for  such  reactions.  The  excellent  catalytic  activity  of  Ni-Al203 
towards  methane  steam  reforming  and  methane  C02  reforming 
resulted  in  high  cell  performance  when  a  fuel  cell  anode  with 
a  Ni-Al203  functional  layer  was  operated  on  methane-H20  or 
methane-C02  gas  mixtures.  Because  of  its  much  better  mechan¬ 
ical  performance,  Ni-Al203  was  superior  to  Ru-Ce02  from  the 
aspect  of  cell  integrity  for  the  applications  where  repeated  thermal 
cycling  or  redox  cycling  are  needed,  for  example,  in  single-chamber 
operation  mode.  As  compared  to  Ru-Ce02,  Ni-Al203  did  not 
suppress  coke  formation,  however,  the  introduction  of  C02  and 
H20  in  methane  reduced  the  coke  formation  rate  considerably. 
In  a  real  fuel  cell,  the  Ni-Al203  catalyst  layer  effectively  pro¬ 
tected  the  anode  from  coke  formation,  especially  for  the  region 
near  to  the  anode-electrolyte  interface,  where  the  electrochem- 
ically  active  sites  are  mainly  located.  This  is  the  reason  for  the 
improved  cell  performance  when  operating  on  methane  fuel  when 
a  Ni-Al203  anode  catalyst  was  adopted,  as  demonstrated  in  our 
previous  study  [31].  The  much  cheaper  price  of  Ni-Al203  over 
Ru-Ce02,  its  excellent  catalytic  properties  and  mechanical  perfor¬ 
mance,  and  its  effectiveness  in  preventing  coke  formation  over 
the  anode  layer  are  promising  for  its  adoption  as  the  anode 
catalyst  layer  in  solid-oxide  fuel  cells  operating  on  methane 
fuel. 
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